One of the most studied deleterious phases in stainless steels is the sigma phase, due to its high potential to decrease the toughness and corrosion resistance of these steels. Eight samples of as-received cold rolled UNS S32205 duplex stainless steel were submitted to isothermal heat treatments at 850 o C during 10, 15, 30, 60, 120, 180, 240, and 300 minutes in order to study the precipitation kinetics of the sigma and chi deleterious phases. Several complementary microstructural analysis techniques were used to determine the volume fraction of the intermetallic phases, including optical microscopy and scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS). Evaluation was made of the kinetics of isothermal formation of sigma and chi phases in commercial duplex stainless steels (UNS S32205). The results indicated two different mechanisms for sigma phase precipitation: sigma phase formed from the chi phase for shorter isothermal heat treatment times, and sigma phase precipitated at the ferrite-austenite interface for longer isothermal heat treatment times, using a temperature of 850 o C. The phase transformation kinetics determined using the JMA equation indicated that chi phase precipitation caused faster sigma phase formation.
Introduction
Duplex stainless steels are used in applications requiring high levels of mechanical strength and corrosion resistance. The microstructures of these steels consist of balanced volume fractions of austenite and ferrite. However, the presence of ferrite stabilizers, such as chromium and molybdenum, favors the precipitation of deleterious intermetallic phases, which once formed reduce the solubilized chromium content in the matrix, severely reducing the corrosion resistance of these steels, and also lead to reduced ductility 1, 2 . Among the deleterious phases that precipitate at high temperatures in duplex stainless steels, the sigma and chi phases are especially relevant. The sigma phase Fe-Cr intermetallic phase is the most studied deleterious phase in stainless steels, because the exposure of these steels to high temperatures causes substantial precipitation of this phase, resulting in high volumetric fractions of sigma phase in the microstructure of the steel. The chi phase presents lower precipitation fractions and studies have shown that its precipitation is associated with sigma phase formation 1, 3 . The precipitation of the sigma and chi phases occurs in the temperature ranges 600-1000 °C and 700-950 °C, respectively 1, [4] [5] [6] , and the precipitation sites are at the α/γ (ferrite/austenite) interfaces. Chi phase can precipitate at the α/α interface, and both sigma and chi phases also precipitate at triple α/α/γ points. Studies have proposed that the precipitation of hexagonal chromium nitride (Cr 2 N), which precedes the precipitation of chi and sigma phases, favors the precipitation of these deleterious intermetallic phases [6] [7] [8] . The precipitation of the sigma phase occurs according to a eutectoid reaction in which a secondary austenite with low chromium content precipitates. Secondary austenite is formed due to the increase of the content of austenite stabilizers (Ni, N, and Mn) and chromium depletion in the region around the sigma phase. As the secondary austenite has lower chromium content, its presence close to the sigma phase controls the formation of sigma. However, this secondary austenite can also be considered a deleterious phase because it presents low corrosion resistance 7 . The kinetics of phase transformations in heterogeneous materials such as duplex stainless steel can be determined using the Johnson-Mehl-Avrami (JMA) model 8, 9 , described by Equation 1:
where f indicates the phase volumetric fraction transformed in time t; K is the Avrami time constant, which is related to the temperature and activation energy of the process; and n is the Avrami exponent, which is related to the form that the precipitated phase acquires during the increase of its volume fraction. Higher values of n indicate the formation of more acicular phases and rapid depletion of nucleation sites. Lower values of n reflect the formation of equiaxed morphology phases and indicate that the nucleation process continues to occur even in advanced stages of transformation 10 . The aim of this investigation was to evaluate the double kinetics and synergetic behaviors of the chi and sigma phases present in UNS S32205 duplex stainless steel following isothermal treatments. A final annealing was performed after the manufacturing steps, but the rolling structure nonetheless altered the intermetallic kinetics, as found here when the steel was submitted to isothermal treatments. As the material is used in this form, it is important to investigate the precipitation of deleterious secondary phases in order to ensure satisfactory properties of the duplex stainless steel.
Experimental Procedure
A cold rolled and solution-treated 6 mm-thick plate of UNS S32205 duplex stainless steel was used. The chemical composition of the material is shown in Table 1 . The plate was sectioned into samples that were subjected to isothermal heat treatments in a muffle furnace at 850 °C, in an air atmosphere, for different time intervals between 10 minutes and 5 hours. At the end of the isothermal heat treatment, the sample was withdrawn and rapidly cooled in water in order to preserve the high-temperature microstructure developed during the heat treatment. After the isothermal heat treatments, the samples were submitted to metallographic preparation, which consisted of grinding with 220, 320, 600, and 1200 mesh papers, followed by polishing with 0.3 and 0.1 μm diamond abrasives. The samples were then analyzed by optical microscopy and scanning electron microscopy. The samples were analyzed without etching and with electrochemical attack in 10% KOH solution for 60 seconds at 2.5 V. The purpose of this etching was to reveal the sigma and chi phases.
Quantitative stereological analysis of the microscopy images was performed using Image J software, quantifying the area fraction filled by precipitates, the average area of the precipitates, and their circularity. Figure 1 illustrates the determination of the circularity. Figure 2 shows the evolution of the intermetallic phase precipitation for different times of isothermal heat treatment at 850 ºC. Scanning electron microscopy analysis of the samples submitted to shorter isothermal heat treatment and etched by KOH showed the formation of small circular intermetallic phases at the α/γ interfaces. As the isothermal heat treatment time increased, there was growth of these phases, following the α/γ interface. For isothermal heat treatment times of over 1 hour, the intermetallic phases started to grow towards ferrite, evidencing the consumption of ferrite for the precipitation of these deleterious intermetallic phases. There was also an increase in the number of sites of secondary austenite, because the precipitation of the sigma phase entailed the formation of secondary austenite depleted in chromium. Analysis of the samples submitted to shorter isothermal heat treatments showed that at the beginning of the transformation, the intermetallic phases presented lamellar morphology intermediate between austenite and ferrite. As the transformation proceeded, these intermetallic phases tended to become equiaxed.
Results and Discussion

Qualitative analysis
Scanning electron microscopy analysis was used to distinguish between the intermetallic phases in the non etched samples using the backscattered electron signal. Figure 3 shows the chemical composition spectra obtained in the EDS analyses. Table 2 shows the results of the EDS chemical composition analysis for points of each phase. Four different phases were identified from the EDS spectra.
Comparison with results reported in the literature confirmed that the precipitates corresponded to the sigma and chi phases, with much higher levels of Mo in the chi phase 6, 11 . The distinction between austenite and ferrite was based on the difference in the Ni contents of these phases.
The EDS analyses showed that both the sigma (σ) and chi (χ) intermetallic phases presented lower contents of iron and higher contents of chromium, compared to the austenite (γ) and ferrite (α). The austenite (γ) presented the highest content of nickel, while the χ phase contained much more molybdenum than the other phases. Figure 4 shows SEM backscattered electron micrographs for different isothermal heat treatment times. The backscattered electron SEM signal can distinguish phases with different chemical composition, since the electron backscattering is more intense for heavier chemical elements. A heavier phase appears brighter, while a lighter phase appears darker. In Figure 3 , the chi phase is heavier (brighter) than the sigma phase, followed by austenite and finally ferrite (darker), reflecting the chemical composition ( Table 2) . The backscattered SEM data indicated that for very short transformation times (up to about 15 minutes), the chi phase constituted the largest volumetric fraction of the precipitated intermetallic phases. However, the sigma phase rapidly became the largest volumetric fraction of these phases. For isothermal heat treatments at 850 ºC shorter than 1 hour, the sigma phase already corresponded to more than 90% of the volumetric fraction of the precipitated intermetallic phases. 
Quantitative analysis
A quantitative stereological analysis was performed to determine the area fraction occupied by the precipitates, the average area of the precipitates, and the circularity of the intermetallic precipitates. The stereological analysis was based on ASTM E1245-03. Twenty fields of each sample were analyzed and Image J software was used for quantification. Table 3 shows the mean volume fractions occupied by the intermetallic phases, for each treatment time, obtained from the SEM images. As expected, there was an increase in the intermetallic phase volumetric fraction, which became asymptotic for longer treatment times, in agreement with the Avrami kinetics 8 .
The circularity is a form factor, described by Equation 2, whose value varies between 0 and 1, with 0 indicating perfectly acicular particles and 1 corresponding to perfectly circular precipitates 13 .
At the start of the transformation, there was the formation of small spherical nuclei, which explained the high circularity values obtained for the first stages of precipitation. However, with growth of the precipitates following the α/γ interfaces, there was a rapid reduction of circularity, followed by Figure 5 shows the evolution of the circularity and the mean area of the intermetallic phase precipitates. The change in circularity corroborated the change in precipitation of intermetallic phases indicated by the qualitative analysis, since the temporal derivative of the circularity remained almost constant after 1 hour of isothermal treatment. However, the mean volume fraction of the precipitates presented higher growth up to two hours of isothermal heat treatment at 850 ºC, followed by an asymptotic trend for longer times.
The experimental volumetric fraction data were plotted using the linearized form of the JMA equation (Equation 3), from which the change in the precipitation behavior of the phases could be observed, in agreement with the qualitative analyses and the evolution of the circularity. ( ) ln ln ln ln y t n t n K
" " %% Figure 6 shows the results of the linear fitting of the experimental data, described by Equations 4 and 5, respectively, for the intermetallic phases formed during heat treatment for time t in the early and advanced stages of transformation. The experimental intermetallic volumetric fraction data were fitted to the JMA model using two linear adjustments: one for the beginning of transformation and the other for more advanced stages of precipitation. The value of the Avrami exponent for the first stages of precipitation was higher than for the last stage of precipitation, suggesting a greater tendency for diffusion across the grain boundary (also called interface controlled growth). In the advanced stage, the smaller value of n suggested that diffusion through grain volume was the main process controlling the transformation 9, 11 . This stage involved the growth of the intermetallic precipitates towards the ferrite (α) grains. = -
The SEM analysis with images generated by backscattered electrons also indicated that the second kinetic model corresponded to precipitation of the sigma phase alone, while the first kinetic model corresponded to the precipitation of both chi and sigma phases.
Considering the trend line of the kinetic fit for advanced isothermal heat treatment times, it is clear that if this second kinetics occurred at the beginning of the transformation, there would be a greater volumetric fraction of sigma phase at the beginning of the transformation, which was not observed for shorter times of isothermal heat treatment at 850 ºC. The fact that the sigma phase volume fraction at the beginning was much lower than that indicated by the trend line provided strong evidence that formation of the chi phase was an important step for subsequent formation of the sigma phase.
The analysis using the backscattered electron SEM signal showed that the sigma phase frequently interfaced with the chi phase precipitates, indicating that, at first, the chi phase interface acted as the preferred site for sigma phase nucleation. Nucleation and growth of the chi phase was inhibited by the presence of the sigma phase at its interface and the reduction of its possible nucleation sites, which provided an explanation for the rapid stabilization of the chi phase volume fraction. In addition, it has been reported that since the chi phase is surrounded by sigma phase, it is consumed by the formation of the sigma phase 3 . Previous studies 12, 14 have suggested the existence of double kinetics for the precipitation of the sigma phase in duplex stainless steels, but with the non-occurrence of double kinetics for some temperatures. Elmer et al.
14 did not observe double kinetics for formation of the sigma phase at 700 °C. Since this temperature is at the lower limit of the chi phase formation temperature range, it is possible that chi phase precipitation did not occur in this experiment. Dos Santos et al. 12 identified double kinetics of sigma phase formation at temperatures between 700 °C and 900 °C, with simple kinetics identified at 950 °C. In this work, however, the presence of the chi phase at temperatures between 850 °C and 950 °C was not identified. This behavior could be attributed to the solubilization treatment before isothermal aging, which would cause the development of different microstructural conditions (grain size, and different morphology of the austenite and ferrite clusters), leading to changes in the kinetics 7 and favoring rapid consumption of the chi phase. Wong et al. 15 showed that dissolution of the sigma phase could occur at 860 to 910 °C and at 910 to 930 °C under continuous heating. This temperature range is dependent on the sigma phase volume fraction, so some competition between dissolution and sigma phase formation may disguise double kinetics in the isothermal transformation at 950 °C.
Other works that have investigated the kinetics of sigma phase precipitation, including simple kinetics, have evaluated the transformation over longer periods, when the sigma phase is predominant. Differences in the solution-treated state of the non-aged metal alter the duration of each transformation mechanism, due to changes in the initial grain size and the dislocations density of the base metal. The initial solutiontreated condition of the base metal plays a very important role in the kinetic behavior of the precipitation 7, 16 .
Conclusions
Precipitation of the deleterious intermetallic sigma and chi phases in as-rolled UNS S32205 duplex stainless steel was observed during isothermal heat treatments at 850 °C. The precipitation of the intermetallic phases preferentially followed the α/γ interface, occurring later in the direction of the ferrite grains as the α/γ interface was consumed. The circularity of the intermetallic phases and the average area of the precipitates showed asymptotic behavior from at least 3 hours. Based on the JMA model, it could be concluded that the formation of the sigma phase involved double kinetics. The first stage was strongly influenced by the presence of the chi phase as nucleation sites, while in the second stage the growth of the precipitates was mainly towards the ferrite grains.
